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The existence of a quantum spin liquid (QSL) in which quantum fluctuations of spins are sufficiently strong to preclude spin ordering down to zero temperature was originally proposed theoretically more than 40 years ago, but its experimental realisation turned out to be very elusive. Here we report on an almost ideal spin liquid state that appears to be realized by atomic-cluster spins on the triangular lattice of a charge-density wave (CDW) state of 1T-TaS 2 . In this system, the charge excitations have a well-defined gap of ∼ 0.3 eV, while nuclear magnetic quadrupole resonance and muon spin relaxation experiments reveal that the spins show gapless quantum spin liquid dynamics and no long range magnetic order down to 70 mK. Canonical Since then, the list of materials with triangular lattice and with properties indicating the existence of a quantum spin-liquid (QSL), i.e., a state without spontaneously broken triangular lattice symmetry and whose behavior is dominated by emergent fractional excitations [2] , is still remarkably short: it includes YbMgGaO 4 [3, 4] and the organic molecular solids κ-(ET) 2 Cu 2 (CN) 3 and EtMe 3 Sb[Pd(dmit) 2 ] 2 [5, 6] . However, the latter organic molecular solids do not form a perfect triangular lattice implying that they are not ideal model systems.
A promising recent example, YbMgGaO 4 has a perfect triangular lattice, but the presence of strong spin-orbit coupling makes the nearest-neighbor magnetic interactions anisotropic, again making the system far from an ideal realization of the original idea. Compared to these compounds, layered dichalcogenides have perfect triangular lattice geometry and a weaker spin-orbit coupling [7] , offering a possibility for obtaining a unique insight into the competition between antagonistic QSL and Néel states [8, 9] , however, so far no signatures of QSL behaviour have been observed with spins on atomic lattice sites.
1T-TaS 2 is a remarkably versatile model system for studying a variety of unusual physical phenomena [7, [10] [11] [12] , and is at the same time an experimentally amenable testing ground for new theoretical concepts in correlated electron systems. It's low-temperature state is particularly interesting because it supports a commensurate arrangement of polarons on a triangular lattice. At high temperatures, the material is a metal, which first undergoes a transition to an incommensurate charge-density wave (IC-CDW) state due to a Fermi surface instability at 545 K. To minimize the strain arising from the IC-CDW and the underlying lattice, this state transforms to a nearly commensurate (NC) and eventually becomes commensurate (C-CDW) below T NC−C = 180 K on cooling. In this low-temperature phase, the Ta atoms are grouped into 13-atom clusters forming a Star-of-David arrangement with large in-plane Ta atom displacements towards the central Ta atom (Fig. 1A) . Experimentally, 1T-TaS 2 is insulating in the C-CDW phase [7] , which is unexpected, since it has an odd number of valence electrons per unit cell. This remarkable behaviour does not allow an interpretation of the insulating state in terms of the conventional band theory. To resolve this puzzle, the Mott-Hubbard mechanism has been invoked [13] , according to which one electron is localized on each Ta-atom cluster due to electron correlation effects giving rise to a Mott insulating state with S = 1/2 spins, approximately 1 nm apart, arranged on an ideal triangular-based lattice (Fig. 1A) . In this state, charge excitations exhibit a large charge gap ∆ c ∼ 0.3 eV [14] [15] [16] [17] [18] , while transport anisotropy measurements show that the system remains essentially two-dimensional (2D) [19] . Given that we have an apparently ideal realization of S = 1/2 spins arranged on a perfect triangular lattice, the question that arises is:
what is the spin state of 1T-TaS 2 ? If the material is a band insulator, a large gap should be observed also in the spin excitation spectrum. On the other hand, theoretically, within the 2D Heisenberg model of localized spins on nearest-neighbor sites of the triangular lattice, such a spin lattice is known to be magnetically ordered with coplanar spins oriented at 120 degrees with respect to one another [8, 9] . Alternatively, it may form a new and unusual state of matter, perhaps the elusive QSL, as originally proposed by Anderson [1], if the spin interactions go beyond the Heisenberg model [20, 21] .
Here we present the first muon-spin-relaxation (µ + SR) measurements on 1T-TaS 2 , which reveal the spin state over a very broad range of temperatures from 70 mK to 210 K, and measurements of electronic spin fluctuations using nuclear quadrupole resonance (NQR), which reveal a gapless QSL-like behavior in part of the C-CDW phase. Remarkably, below ∼ 55 K a new and unusual spin state emerges, which does not show any evidence of any kind of magnetic ordering down to 70 mK. These new findings not only confirm the prediction of QSL in 1T-TaS 2 , which has been unresolved for over 40 years, but also raise questions about the nature of emergent states out of QSLs.
To probe the potential magnetic order or spin freezing we initially performed muon spin relaxation spectroscopy. The positively charged µ + particle is assumed to localize in between the TaS 2 layers close to negatively charged S 2− ions (Fig. 1B) , from where it extremely sensitively probes small-moment magnetism, irrespective of whether it is long-or shortranged, spatially inhomogeneous or even incommensurate [22] . Significantly, in the zero-field (ZF) µ + SR experiment conducted at 70 mK ( Fig. 1C) , we did not observe any oscillation of the µ + SR signal that would imply a presence of frozen local magnetic fields. Further direct evidence ruling out any long-range magnetic order comes from µ + SR measurements in a weak-transverse-field (wTF) of 2 mT at the same temperature (Fig. 1D ). The local magnetic field at the muon site is the sum of the applied and the internal magnetic fields.
In magnetically ordered phases, the latter is typically of the order of several tens of mT and thus exceeds the small applied wTF. However, the oscillation frequency of the wTF µ + SR asymmetry, ν wTF = 265.4 kHz, corresponds to the expected µ + precession frequency in the applied wTF (ν wTF = γ µ B wTF /2π, γ µ /2π = 135.5 MHz/T) thus conclusively ruling out any static local field at the µ + site. Moreover, the amplitude of the wTF µ + SR signal corresponds to the full muon asymmetry, thus proving that the absence of any long-range magnetic order in 1T-TaS 2 pertains to the bulk of the sample. Complementary longitudinal field (LF) µ + SR measurements (Fig. 1C, Fig. S1 ) show a weak relaxation process due to the dynamics of the local fields of electronic origin. This yields a very small muon relaxation rate λ (i.e., λ = 0.0023 µs −1 at 70 mK) with no (or very little) temperature dependence (Fig. S2 ).
Given the absence of magnetic order and the fact that the observed spin dynamics is not well resolved in µ + SR measurements, we have further studied the electron spin excitations by another local magnetic probe, the 181 Ta nuclear magnetic moments. The 181 Ta (nuclear spin I = 7/2) NQR spectrum of a collection of 1T-TaS 2 single crystals measured at T = 25 K comprises an isolated peak centered at 78 MHz and a group of 12 overlapping peaks in the 6 frequency region spanning from 96 to 102 MHz ( Fig. 2A) . All peaks are due to the 181 Ta transitions between the nuclear spin states m I = 1/2 ↔ 3/2. The NQR resonance frequency ν is proportional to the largest eigenvalue of the electric field gradient (EFG) tensor and is thus an extremely sensitive function of the charge distribution around a given nucleus.
Therefore, the individual peaks in the measured NQR spectrum reflect variations of EFG values over the three different Ta sites. The isolated peak at 78 MHz is assigned to the central Ta α site [23, 24] , whereas the peaks around 100 MHz are assigned to the peripheral Ta β and γ sites (Fig. 1A) . The fact that this part of the spectrum is fully split into two sets of 6 + 6 peaks is consistent with the symmetry and structure of the Ta deformations surrounding the central Ta atom in the star of David cluster and rules out bilayer lattice dimerization where the singlet formation between layers breaks the trigonal symmetry and which would give rise to 3 + 3 multiplet of peaks [23] . A characteristic temperature dependence of the α site 181 Ta resonance frequency, where the dependence gradually changes from the linear at high to the quadratic at lower temperatures (Fig. 2B) , is understood to arise from the two-dimensional character of the phonon spectrum in layered materials [25] . Importantly, a smooth and monotonic variation of ν β (T ) [and likewise also of ν α (T ) and ν γ (T ), Fig. S4] proves that the same charge superlattice structure is present for all temperatures below
In Fig. 3A we show the temperature dependence of the 181 Ta spin-lattice relaxation rate, needed. An alternative possibility is the presence of an additional relaxation channel, for which the characteristic frequency of local field fluctuations crosses the NQR frequency on cooling below T f and whose symmetry is such, that they mainly affect 181 Ta moments at the periphery of the Ta-cluster (i.e., on β and γ sites). Therefore, the temperature dependence of 1/T 1 below T f for the Ta β and γ sites is empirically modeled (Fig. 3A) by two parallel nuclear spin-lattice relaxation channels: 1/T 1 = aT n + b τc 1+(ωτc) 2 . The first term describes the power-law dependence with n = 4, i.e., the relaxation channel effectively detected by all three Ta sites. The second term is introduced at the periphery of the Star-of-David Ta The transition at T f 55 K is accompanied by a change in the form of the 181 Ta nuclear magnetization recovery curves. Whereas we find nearly perfect single-exponential recovery curves for T > T f , implying a homogeneous spin system, below T f we need to employ a
is the z-component of the 181 Ta nuclear magnetization, Fig. S5 ) with a stretching exponent p significantly smaller than 1 (Fig. 3B) . Measurements with p < 1 suggest the growth of the local-field inhomogeneities at Ta sites leading to a very broad distribution of 1/T 1 values below T f . The observed change of the 1/T 1 dependence also coincides with the anomaly in the 181 Ta spin-spin relaxation rate 1/T 2 (Fig. 3A, Fig. S6 ), which shows a clear maximum at T f for all the Ta sites. Whereas 1/T 2 matches 1/T 1 at 200 K, it is very weakly temperature dependent and 2-3 orders of magnitude larger than 1/T 1 below T f . Since 1/T 2 probes local field fluctuations with much lower frequencies than 1/T 1 , we conclude that the observed maximum in 1/T 2 is a signature of critical behaviour in the low-frequency part (ω → 0) of the local-field dynamics associated with the transition to the low-temperature emergent state.
The central finding of this work is that the magnitude and the temperature dependence of the 181 Ta NQR relaxation rates can only be described by the fluctuations of electron spins within a state that withstands long-range magnetic ordering and whose absence down to 70 mK is unambiguous from the µ + SR data. The first and most obvious clue about the nature of the spin state in the range T f < T < T NC−C comes from the experimental findings revealing that the system is magnetically homogeneous (p = 1 indicates that the relaxation is the same on all Ta sites), and that the relaxation rate shows a convincing power-law temperature dependence with n = 2 ± 0.2. These findings have important implications for the triangular lattice of the Star-of-David Ta-atom clusters for which QSL emerges as the most probable low-energy state. The relaxation rate 1/T 1 ∝ T (χ (q, ω)/ω) dq ∝ T n with n = 2 means that the q-integrated imaginary part of dynamic spin susceptibility χ (q, ω)
is linear in temperature. For gapless spin liquids with a spinon Fermi surface we expect 1/T 1 T = const [5] , which is inconsistent with the experimental n = 2. In the case of a fully opened spin gap, 1/T 1 T should decay exponentially with temperatures, which is also inconsistent with the experiment. Therefore, the only candidate among the quantum spin liquids that fits the present experimental data is the one where the spin excitations have nodes in q-space, and whose energy dependence of the spinon density of states is such that it gives n = 2. Such power-law dependences with n = 2 were encountered previously in several QSL systems, such as the organic triangular-lattice antiferromagnets [5, 6] and the disordered triangular lattice systems Sc 2 Ga 2 CuO 7 [28] .
Below T f = 55 K, the QSL state of 1T-TaS 2 appears to support the emergence of a new exotic low-temperature state characterized by:
(i) a broad distribution of 1/T 1 values (Fig. 3B) where the stretching exponent p ≈ 0.5 implies a highly inhomogeneous magnetic phase at all Ta sites,
(ii) a slowing down of the spin fluctuations leading to an unusually high power-law exponent n = 4 of the 181 Ta relaxation (Fig. 3A) , which implies a suppression of spinon density of states, and (iii) symmetry breaking of the homogeneous spin structure of the Star-of-David Ta-atom clusters, in which the central α site Ta atom shows very different relaxation than the surrounding 12 atoms (Fig. 3A) .
The extremely broad distribution of the 181 Ta relaxation rates is a compelling evidence for the growing randomness in the spin system as temperature decreases below [29], which is known to adopt the random-singlet state [30] . However, in a one-dimensional limit, the nuclear 1/T 1 relaxation rate, which can be elegantly treated within the TomonagaLuttinger-liquid formalism [31, 32] , shows a power-law temperature dependence with n ≤ 3/2 (for example, n = 1 in BaCu 2 (Si 1−x Ge x ) 2 O 7 [29] ). In other words, the large exponent 
